To measure the kinematics of the linkage, we step the input voltage v in nominal increments of 0.5 V from a nominal value of 0 V, up to a maximum value of approximately 9 V, and back down to 0 V, completing a single motion cycle. The reported value of v at each step is the mean value of four measurements from a digital multimeter. The root-mean-square noise of v is o0.3 mV. We record 50 bright-field micrographs at each voltage step. For these measurements, we characterize the microsystem input in terms of the square of the input voltage v 2 . To test the repeatability of the rotational output, we vary v as a square wave at a frequency of 4 Hz and a duty cycle of 50% over 1 000 motion cycles. For these experiments, we characterize the microsystem input in terms of the change in the square of the input voltage,
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low , between high and low transitions. We test several high values of v of several volts with rootmean-square noise of either several hundred microvolts or several millivolts. To obtain v with submillivolt noise, we use an arbitrary function generator to directly produce high values of v ≈ 4.6 V, v ≈ 7.6 V, and v ≈ 9.5 V above a low value of v ≈ 0.2 V. To obtain v with noise of several millivolts, we pass square waves with high values of v ≈ 46 mV, v ≈ 76 mV, and v ≈ 95 mV above a low value of v ≈ 2 mV from the arbitrary function generator through a 100 × amplifier. The low value of v is the minimum offset of the amplified input voltage. We synchronize input voltage and fluorescence illumination to record fluorescence micrographs at the low and high values of v to track the sequential low-to-high and high-to-low transitions of the linkage, completing a single motion cycle. Figure S1 shows a timing diagram of this experiment. The duration of fluorescence illumination is 10 ms for each image. A digital multimeter records the mean input voltage over the first 2 ms of each 10 ms illumination pulse. Delays in electronic triggering of the multimeter limit the frequency of this measurement to below the maximum value of 60 Hz that the camera allows.
Nanoparticle deposition
We label the rotating link with a microscale constellation of fluorescent nanoparticles for imaging and tracking. The manufacturer specifies a nanoparticle size distribution with a mean value of 250 nm and a standard deviation (s.d.) of 9 nm, a fluorescence excitation peak at ≈ 630 nm, and a fluorescence emission peak at ≈ 645 nm. We dilute the nanoparticles in ethanol to a concentration of ≈ 10 8 mL -1 and load this solution into a micropipette with an inner tip diameter of ≈ 5 μm. Brief contact of the micropipette with the rotating link deposits a microdroplet with a volume of ≈ 20 pL. Evaporation of the droplet leaves nanoparticles adsorbed to the surface.
Microscope system
For both bright-field and fluorescence microscopy, we mount the test system on an inverted optical microscope with a light emitting diode for illumination at ≈ 625 nm, an objective lens with a magnification of 50 × and a numerical aperture of 0.55, and a complementary metal-oxide-semiconductor camera for recording micrographs. We use a 50/50 dichroic mirror for bright-field imaging and a set of fluorescence filters for fluorescence imaging. The resolution of the imaging system is ≈ 0.7 μm, so that individual nanoparticles appear as the point spread function of the imaging system. The imaging system begins to resolve the linkage pin, which has a diameter of ≈ 1 μm, and further resolves the etch holes, which have a diameter of ≈ 2 μm. 
Where r(D) is the distance between the linkage pin and the pivot as a function of the distance D that the translating link moves. The law of cosines gives:
Using (S1) to eliminate r(D) in (S2) and solving for y r -gives:
We derive a model for the angular play in the joint, or the maximum rotation of the rotating link while it is decoupled from . We take the mean value from all 2 048 rows of pixels in (b). The increased density of sampling around the fundamental frequency allows determination of the location of the frequency peak with higher resolution than a standard discrete Fourier transform. In this way, we determine that the spatial frequency of the features in the image for both the x and y directions is 0.0318 pixels -1 . The image pixel size is then 0.0318 pixels À 1 · (4 000 nm ± 2.5 nm) = 127.2 nm per pixel ± 0.1 nm per pixel, with the latter value representing a conservative estimate of the limit of uncertainty. the translating link. With reference to Figure 3d , the law of cosines gives:
where the width of the slot
Using the identity sin 2 y þ cos 2 y ¼ 1, in combination with Equations (S1) and (S2) gives:
Equations (2) and (4) 
Supplementary note 3 Uncertainty evaluation for fluorescence microscopy
In previous studies we introduced the use of a constellation of fluorescent nanoparticles for tracking the motion of a microscale mechanical body [3] [4] [5] . In the present study we advance this measurement method through a novel analysis of experimental uncertainties, proceeding in the following order. Initial measurements of the motion of a nominally static constellation of nanoparticles in the absence of actuation of the linkage quantify the uncertainty associated with the measurement system. Subsequent analysis of the nominally static constellation in the low state between repeated motion cycles determines the specific value of this uncertainty for each experiment. Finally, correction of errors due to systematic deformation of the constellation resulting from motion of the rotating link out of the image plane ensures accuracy. This analysis enables quantitative tests of the performance and reliability of the microelectromechanical linkage at nanometer and microradian scales. This allows for a meaningful assessment of the output of the microsystem as deterministic or nondeterministic at length and angle scales which previous studies have not investigated.
Sources of uncertainty in the measurements of translation and rotation include apparent motion due to photon shot noise and variation in the optoelectronic properties of individual pixels 6 , as well as actual motion due to vibration of the linkage, and vibration and drift of the microscope system. We quantify the total uncertainty due to the measurement system by analyzing the measured positions and orientations of the constellation in the absence of actuation of the linkage. Figure S7 shows this result, which further decreases the minimum empirical uncertainty of θ that is achievable through temporal averaging to 0.47 μrad.
In a previous study we derived expressions of centroid precision and orientation precision 4 , which are the minimum uncertainties of localizing and orienting a constellation of point sources of variable brightness on a rigid body in the image plane of a microscope. Centroid precision and orientation precision result from photon shot noise, image pixilation, and background noise. The latter is negligible for the experimental measurements in the present study. Table S1 presents these values of minimum uncertainty for single motion cycles, which are useful metrics for analysis of additional sources of experimental or computational uncertainty. The experimental uncertainties are greater than the fundamental physical limits, for the parameters of this particular measurement, by a factor of only 1.3 to 1.6. The experimental values exceed the minimum uncertainty in part due to localization errors from a few non-ideal indicators consisting of small aggregates of subresolution nanoparticles in etch holes. Inclusion of these indicators in the analysis reduces the empirical measurement uncertainty by increasing the number of photons detected, but with an efficiency below that of photons from individual particles.
Measurements of motion between sequential images have uncertainties that are greater by a factor of ffiffi ffi 2 p , equivalent to the For actuation with 7.6 V and 9.5 V, in particular, systematic deformation of the constellation causes the mean error for transitions between the low and high states to be biased and nonzero. Table S2 shows these values for transitions of the rotating link between the low states of sequential motion cycles, the high states of sequential motion cycles, and between the low and high states of each motion cycle for actuation with input voltages with submillivolt noise. The root-mean-square rotations at each level of voltage are equivalent for all three transitions, indicating that the variation does not change with the motion of the linkage and must therefore result only from measurement uncertainty. We conservatively select the largest root-mean-square rotation from the three nominally static states as the measurement uncertainty of rotation for each voltage level. Actuation of the linkage with input voltages with millivolt noise causes significant variation in the rotational output of the linkage. Therefore, in this case, only the root-mean-square rotation for transitions of the rotating link between the low states of sequential motion cycles inform of measurement uncertainty. Table S3 shows these values.
The preceding analysis determines the uncertainty due only to the measurement system. The actuation of the linkage could result in additional error from apparent deformation of the nanoparticle constellation, due to, for example, motion of the rotating link out of the image plane. Such deformation would produce relative motion of corresponding particles in the constellation for transitions between the low and high states of the linkage that is inconsistent with a rigid transformation. We quantify this deformation by changes in the root-mean-square error of the rigid transformation. Systematic deformation of the constellation between low and high states produces a repeatable bias in the position of each particle, increasing the error of the transformations by up to 25% for actuation with input voltages of 7.6 and 9.5 V. The root-mean-square differences in the position of corresponding particles quantify the error in the transformation from image i to image j that define the motion of the rotating link. In the case that the two images i and j do not bound a transition of the linkage between the low and high state, as in the absence of actuation of the linkage or for transitions between the low or high states of sequential motion cycles, the error results only from shot noise and variable pixel characteristics. In the case where the images i and j bound a transition between the low and the high states, any motion of the rotating link out of the image plane produces additional error due to deformation of the constellation. Table S4 shows these errors for the three nominal levels of input voltage, as well as in the absence of actuation of the linkage. The error increases by approximately 10% and 25% in the x direction as a result of actuation of the linkage with input voltages of 7.6 and 9.5 V, respectively. This systematic deformation of the constellation between the low and high states causes repeatable errors in the estimates of the position of each particle. These errors are equal and opposite for transitions from low to high and high to low, as Figure S8 shows for a representative nanoparticle.
Correction of these biases removes the increased error in the transformation of the constellation but does not change the variation in the measurements of rotation, showing that the deformation of the constellation is repeatable within measurement uncertainty. Table S5 shows these values. Without correction, the biases in the position of each particle result in a small error in the measurements of rotation that is on the order of 0.001%, as Figure S9 shows. Such errors from motion out of the image plane can be much larger for nominally planar microsystems, however, as we will show in a future study.
